J. Membrane Biol. 142, 195-207 (1994)

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1994

Quinine and Quinidine Inhibit and Reveal Heterogeneity of K-Cl Cotransport in Low K

Sheep Erythrocytes

N.C. Adragna, P.K. Lauf

Departments of Pharmacology and Toxicology, and Physiology and Biophysics, Wright State University, School of Medicine, Dayton, Ohio

45401-0927

Received: 1 March 1994/Revised: 29 July 1994

Abstract. Low K (LK) sheep red blood cells (SRBCs)
serve as a model to study K-Cl cotransport which plays
an important role in cellular dehydration in human eryth-
rocytes homozygous for hemoglobin S. Cinchona bark
derivatives, such as quinine (Q) and quinidine (QD), are
effectively used in the treatment of malaria. In the
present study, we investigated in LK SRBCs, the effect
of various concentrations of Q and QD on Cl-dependent
K efflux and Rb influx (K(Rb)-Cl flux), activated by
either swelling in hyposmotic media, thiol alkylation
with N-ethylmaleimide (NEM), or by cellular Mg (Mg,)
removal through A23187 in the presence of external
chelators. K efflux or Rb influx were determined in ClI
and NO; medium and K(Rb)-Cl flux was defined as the
Cl-dependent (Cl minus NO;) component. K(Rb)-Cl
flux stimulated by all three interventions was inhibited
by both Q and QD in a dose-dependent manner. Maxi-
mum inhibition of K(Rb)-Cl flux occurred at Q and QD
concentrations =1 mm. The inhibitory effect of Q was
manifested in CI, but not in NO;, whereas QD reduced K
and Rb fluxes both in Cl and NO; media. The mean 50%
inhibitory concentration (ICsy) of Q and QD to inhibit
K(Rb)-Cl1 flux varied between 0.23 and 2.24 mm. From
determinations of the percentages of inhibition of the
different components of K and Rb fluxes, we found that
SRBCs possess a Ci-dependent QD-sensitive and a Cl-
dependent QD-insensitive K efflux and Rb influx. These
two components vary in magnitude depending on the
manipulation and directional flux, but in average they are
about 50% of the total Cl-dependent flux. This study
raises the possibility that, in SRBCs, the Cl-dependent
K(Rb) fluxes are heterogeneous.
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Introduction

Cinchona bark derivatives, such as quinine (Q) and quin-
idine (QD), are extensively used in the treatment of ma-
laria [33, 35, 39]. This subject is attracting attention due
to an increased incidence in human malaria during the
last two decades caused in part by resistance of the ma-
laria parasite, Plasmodium (P.) falciparum, to traditional
treatment [23, 35, 40]. Although the incidence of ma-
laria attacks is lower in patients homozygous and het-
erozygous for hemoglobin S (SS and AS, respectively)
asymptomatic carriage of the parasite appears to worsen
the course of sickle cell disease [15].

An important step in the elucidation of the mecha-
nism of action of Q and QD is to know the mechanism by
which these amphiphilic amines penetrate the cells and
produce their actions. In the colonic mucosa of rat in-
testine, the major mechanism of Q transport is by passive
diffusion through the cell membrane [29]. In polymor-
pho-nuclear neutrophils, Q can reach an intracellular/
extracellular concentration ratio of more than 100-fold
and is found mainly in the soluble fraction of disrupted
cells and, in part, reversibly associated with cell struc-
tures such as the membrane; thus, Q appears to penetrate
these cells by active and passive transport mechanisms
[12]. QD also concentrates in several tissues, such as
skeletal muscle, kidney, liver and heart [5]. In dog myo-
cardium, the concentrations reached were between 2 to
40 times those found in serum [28]. In human red blood
cells, QD equilibrates across the membrane with a red
cell:plasma partition ratio of 0.82 and a red cell:buffer
partition ratio of 4.16. Uptake from buffer solution was
linear up to about 150 pg/ml which is equivalent to 0.46
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mM [19]. For sheep red cells the partition coefficient for
Q and QD are yet unknown. Q and QD are transported
by an organic cation/proton antiporter present in the
brush border membrane of human proximal tubule [32].
Due to their basic nature, quinoline-containing drugs,
such as Q and QD, accumulate in the acid food vacuoles
of the intraerythrocytic-stage of P. falciparum [35]. In
addition, the transfer process of the monoprotonated and
diprotonated species of Q at the oil/water interface are
simultaneously controlled by diffusion and re-estab-
lishment of the altered equilibrium between Q and pro-
tons [41].

The actions of these drugs on cellular function is
quite diverse. In vitro Q acts as ion channel blocker and
Q and QD have been used for this purpose in tissues of
almost every major physiological system of different
species [6, 7, 10, 16, 20, 34, 37, 38]. Notably, the pro-
posed mechanism by which QD may alter diastolic de-
polarization is by interacting with the so-called M-gate in
the fast Na channel [5]. Moreover, quaternary amines,
such as Q and QD, were found to inhibit delayed rectifier
K channels with higher affinity than TEA [18].

These drugs also act on oxidative metabolism [8, 30,
31], are used as tools in molecular biology [17] and as
anti-multidrug resistance agents [2], and produce signif-
icant effects in lipid peroxidation [36] which may be
relevant for sickle cell anemia.

Low K (LK) sheep red blood cells (SRBCs) are used
as a model to study K-Cl cotransport (for review, see
Refs. [11] and [26] and references therein) which plays
an important role in cellular dehydration in human eryth-
rocytes homozygous for hemoglobin S [3]. Hence, it
was of interest to investigate the effect of cinchona bark
derivatives on K-Cl cotransport. The aims of this study
were: (i) to assess the mechanism of action of these drugs
on the system, (ii) if possible, to use them as tools to
further uncover its nature, and (iii) to provide useful
information for the development of therapeutic strategies
in sickle cell anemia.

Materials and Methods

CHEMICALS
A23187 (Calbiochem, San Diego, CA); NEM: N-ethylmaleimide,
EDTA: ethylenediaminetetraacetic acid, DMSO: dimethylsulfoxide,

quinine hydro-chloride, and quinidine free base (Sigma, St. Louis,
MO). All chemical reagents were analytical grade.

METHODS

K Efflux Determination

The K efflux rate constant was determined as detailed elsewhere [24].
Briefly, whole blood from LK sheep was obtained by venipuncture and

an aliquot was separated to determine the optical density of 1 mi of
packed cells from the hematocrit and optical density of a diluted sam-
ple. The remaining blood was spun and the plasma and buffy coat were
discarded. Packed cells were washed three times with isotonic NaCl
and once with isotonic NaNO; buffer (PBN) of the following compo-
sition (mM): 150 NaNO;, 5 NaPO, buffer, pH 7.4 (277 mOsM). All
washes were done at 4°C. At this point, cells were treated as described
below. Afterwards, cells were suspended in prewarmed phosphate-
buffered Cl or NO; flux media and incubated at 37°C in a water bath.
Samples to determine K and hemoglobin concentrations at equilibrium
[24] were separated immediately, whereas aliquots of cell suspension
were taken as a function of time, spun, and the supernatant was sepa-
rated to read optical density and K concentration by atomic absorption
spectrophotometry. Usually, K efflux rate constants were determined
from five time points taken within 1 hr. The computation of K efflux
rate constants was as described elsewhere [24].

Rb Influx Determination

Rb influx was determined as detailed elsewhere [25]. Briefly the whole
blood was subjected to the same initial steps as described for K efflux,
except that flux media contained 20 mm RbCl or RbNO; replacing
equimolar concentrations of NaCl or NaNO,. Furthermore, Rb uptake
was immediately stopped by delivering aliquots of cell suspensions into
chilled MgCl, washing solutions, spun, the supernatant was discarded
and the cells washed three times with chilled MgCl,. Red cell pellets
were lysed in hemolyzing solution, and the Rb concentration was de-
termined by emission spectrophotometry, whereas the volume of cells
was determined from the optical densities, as described elsewhere [25].

Swelling Activation

For swelling-activation after the isotonic wash in PBN (see composi-
tion above), cells were spun and washed twice in hypotonic PBN (225
mOsM). Before the last spin, cells were separated in aliquots, spun, the
supernatant was discarded and resuspended in prewarmed hypotonic
PBCI (240 mOsM) or PBN (225 mOsM) with or without inhibitors (at
the concentrations indicated in the figure legends) or Rb salts. K efflux
or Rb influx were determined as described above.

Thiol Activation

For thiol alkylation, a duplicate control sample was removed before
NEM treatment. Then, cells were spun, resuspended at a 5% Hct in
isotonic PBN with or without 1 mM NEM, and incubated 15 min at
37°C. Afterwards, the protocols for determination of K efflux or Rb
influx were followed.

Activation by Lowering Mg,

As for NEM treatment, reduction of Mg; was performed once the cells
were washed with isotonic PBN and a duplicate control sample was
separated before treatment with the ionophore A23187. Cells were
resuspended at a 10% Hct in isotonic PBN containing 9 um A23187
plus 1 mMm EDTA and incubated for 15 min at 37°C, spun and washed
twice with PBN containing, in addition, 1 mM EDTA. Afterwards, the
protocols for determination of K efflux and Rb influx were followed.

Quinine (Q) and Quinidine (QD) Treatment

Q hydrochloride was prepared as a 10 mM stock solution in either PBN
at the appropriate osmolality or in DMSO. QD was prepared in 10 mm



N.C. Adragna and P.K. Lauf: Quinine and Quinidine Inhibit K-Cl Cotransport 197

stock solution in DMSO. In preliminary experiments for Q treatment,
cells were either exposed to the drug during the flux period or after a
30 min incubation with Q prior to the flux. Since no difference was
found in Q inhibition, the 30 min incubation period was eliminated.
Q and QD increased the percentage of hemolysis as a function of time
and concentration. The percentage of hemolysis shown in Fig. 3 for K
efflux was calculated as follows:

percent hemolysis = (OD, x V,)) x 100/(OD,, x DF)

where OD, and OD,, are the optical densities of the supernatant and
hemolysate, respectively (see K efflux determination above), V,, is the
volume of hemolysate and DF its dilution factor.

Cell Water Determinations

To determine the effect of Q and QD on cell water content, cells were
incubated in solutions containing 5 mm phosphate buffer, pH 7.5, and
NaCl at the concentrations of 119, 130, 141, 154, and 184 mM to give
230, 250, 270, 295 and 350 mOsM, respectively, and in the presence
and absence of the drugs. The protocol was as follows: packed cells
were washed with isotonic NaCl as described above, resuspended at a
Hct of 5% in NaCl solution, divided into aliquots, and spun. The
supernatant was discarded and cells were resuspended in either PBCI
solutions of different osmolalities to which DMSO was added at the
same concentration as in the two other conditions, or PBCI solutions of
different osmolalities containing, in addition, 2 mM of either Q or QD
dissolved in DMSO. Cells were incubated for 30 min at 37°C, spun,
concentrated by centrifugation and transferred into three preweighed
1.5 ml Eppendorf tubes. Cell suspensions were spun and supernatants
were removed, weighed to obtain wet weights (WWT) and dried for 48
hr at 80°C. At the end of this period, dry weights (DWT) were ob-
tained for determination of water content by calculation of the Kg cell
water/Kg dry cell solids (DCS) as follows: (WWT — DWT)/DWT.

Chloride Determination

Intracellular chloride (Cl;) was determined as detailed elsewhere [27].
Briefly, dry cell pellets obtained, as described above, were resuspended
in 1 ml of 7% perchloric acid, vortexed vigorously and kept overnight
to extract ions. Cl; was determined in 100 pl aliquots in a digital
chloridometer (HaakeBuchler Instruments, Saddlebrook, NJ).

Statistics

Results are expressed as the mean * standard error of the mean (X +
SE). Statistical significance was assessed by two-sample paired or un-
paired f-test analysis with computer software.

Results

ErrecT OF Q aND QD o~ K ErFrLux

Swelling Activation

Figure 1 shows the effect of increasing Q concentrations
on K loss as a function of time in osmotically swollen LK
SRBCs. Q inhibited, in a dose-dependent manner, K loss
in Cl (A) but not in NO; (B). At 3 mm, Q inhibited K loss
in C1 by 68%.
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Fig. 1. Q effect on K loss in osmotically swollen LK SRBCs. (4) K
loss in Cl as a function of time for control (no inhibitor, open circles),
1 (filled triangles), 1.5 (filled circles), 2 (inverted filled triangles), and
3 mM Q (filled diamonds). (B) K loss in NO, as a function of time with
conditions and symbols as in A.

Results similar to those observed with Q were ob-
tained upon inhibition of K loss as a function of time
with QD. However, in contrast to Q, QD inhibited K
loss in NO, by about the same percentage as in Cl me-
dium (60 vs. 68%, respectively), and the concentration of
QD to inhibit by 68% K loss in Cl was 1 mm instead of
3 mu for Q (results not shown).

Thiol Activation

The increase in K loss induced by 1 mm NEM treatment
was about four- to sixfold in Cl, and four- to sixfold for
the Cl-dependent component without activation in NO,
[26]. Q inhibited K loss in Cl in a dose-dependent man-
ner (results not shown).

Figure 2 shows the effect of QD on K loss as a
function of time. In contrast to Q, QD inhibited in a
dose-dependent manner K loss both in C1 (A) and NO, (B
and inset) as described for swelling-activated cells. At 1
mM™ QD, the inhibition in C1 was about 70% and in NO,
close to 60%.

Activation by Lowering Mg;

The effect of Q on K loss as a function of time in A,3,5,-
treated (low Mg;) LK SRBCs was also dose dependent.
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Fig. 2. QD effect on K loss in NEM-treated LK SRBCs. (4) K loss in
Cl as a function of time for control (open circles), control+ NEM (open
triangles) 0.2 (filled triangles), 0.4 (filled circles), 0.6 (filled squares),
0.8 (filled diamonds), or 1.0 mM QD (open squares). (B) K loss in NO,
as a function of time with conditions and symbols as in A. (Inset): Same
as B but in expanded scale.

Treatment with the ionophore stimulated K loss by about
twofold in Cl medium. At 2 mM, Q inhibited this com-
ponent by 87% (results not shown).

As in the case of NEM-treated cells, QD inhibited
both K loss in Cl and NO; medium. At 1.0 mm, the
inhibition in C] was 83% and in NO; 99% (resuits not
shown).

The conclusion from the above experiments is that
both Q and QD inhibited K efflux in LK SRBCs in a
dose-dependent manner.

Effect of Q and QD on LK SRBC Lysis

Both Q and QD increased cell lysis as a function of time
and concentration. Figure 3 shows the percentage of ly-
sis, calculated as described in Materials and Methods, as
a function of time of incubation in Cl and NO; and in the
presence and absence of 3 mM Q. Q increased the per-
centage of cell lysis by about threefold with respect to the
control, both in Cl and NOj, and the function appeared to
be exponential in the presence of the drug but not in the
control conditions. Determination of the rate at which
lysis occurred was relevant for flux measurements, be-
cause this information allowed us to set the flux period to
values short enough so that the cells did not reach sig-
nificant levels of lysis.
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Fig. 3. Effect of Q on cell lysis as a function of time. Control (no Q)
in Cl (open squares) and NO, (open triangles). Q (3 mM) in Cl (filled
squares) and in NO; (filled triangles). Percent hemolysis was deter-
mined as described in Materials and Methods.

Effect of Q and QD in Cell Volume and CI Content

Q and QD are organic bases which are freely permeable
across the cell membrane and apparently can accumulate
in the intracellular compartment [12, 35]. In the event
that these drugs were accumulating in SRBCs, we spec-
ulated that this could possibly increase the intracellular
pH (pH,) of SRBCs and, thus, inhibit K and Rb fluxes by
inducing cell shrinkage. Furthermore, alkalinization
should be expected to induce a decrease in cell volume
and C1 content and an increase in Cl concentration. To
test this hypothesis, cell water and Cl content were de-
termined as described in Materials and Methods as a
function of media osmolality.

Figure 4 shows water (A4) and CI (B) contents, and Cl
concentration (C) in cells incubated in the absence and
presence of 2 mm Q or QD as a function of the inverse of
flux media osmolality. As expected for cellular osmo-
meters, the water content increased in swollen cells and
decreased in shrunken cells, and this behavior occurred
both in the presence and absence of Q and QD. How-
ever, the water content of cells incubated in Q was sig-
nificantly higher than that of the control (P < 0.02, n =5)
and that of QD (P < 0.03, n = 35). QD did not affect the
water content with respect to control cells.

The Cl content of LK SRBCs (B) was independent
of the changes in osmolalities. The mean value of Cl
content in control, Q- and QD-treated cells (210 + 8, 232
t 11, and 178 £ 5 mEqg/Kg DCS, respectively) were
significantly different (controls vs. Q, P < 0.003, control
vs. QD, P < 0.00001, and Q vs. QD, P = 0.0002, n = 5).

The Cl concentration (mEqg/Kg cell water) decreased
by 18, 17, and 20% in control, Q- and QD-treated cells,
respectively, at 230 mOsM, and increased by 14, 12, and
20%, respectively at 350 mOsM. The concentration of
Cl was higher for Q (P = 0.005, n = 5) and lower for QD
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Fig. 4. Effect of Q and QD on water and Cl contents, and Cl concen-
tration as a function of the inverse of medium osmolality (1/0sm) in
LK SRBCs. (A) Water content before (filled triangles) and after treat-
ment with 2 mM Q (filled circles) and 2 mM QD (inverted filled trian-
gles). Slopes of linear regressions for control, Q and QD vs. 1/Osm (t
SE, n=75): 368 £ 10, 335 £ 20, and 380 + 9, respectively. (B) Cl content
and (C) Cl concentration with conditions and symbols as in A.

(P =0.008, n =15) than for control cells in the entire range
of osmolalities tested (C).

These findings indicate that the inhibitory action of
Q and QD cannot be explained by an alkalinization-
induced cell shrinkage caused by drug accumulation in
the intracellular compartment. Q actually swelled the
cells by about 3% with respect to the control, and swell-
ing is an activator of the system instead of an inhibitor.

Dose-effect Relationships between Q or QD
Concentration and K Efflux

Figures 5 and 6 summarize the dose-effect relationship
between the concentration of Q and QD, respectively,

0.20

0.00 0.50 1.00 1.50 2.00

K efflux rate constant (h-1)

0.12

0.09 | C

0.06

0.03

0.00

-0.03

A 1

0.00 0.50 1.00 1.50 2.00
Quinine concentration (mM)

Fig. 5. Dose-effect relationship between the concentration of Q and the
rate constants of K efflux in Cl and NO, stimulated by three interven-
tions. (A) Swelling activation. Open circles, Cl; open triangles, NO,,
and filled circles, Cl-dependent component. (B) Thiol alkylation with
NEM. Open diamond, Cl control (no NEM); open circles, Cl + NEM;
filled triangle, NO; control (no NEM); open triangles, NO, + NEM;
filled diamond, Cl-dependent component control (no NEM); filled cir-
cles, NEM-activated Cl-dependent component. (C) Cellular Mg re-
moval through A23187 + EDTA. Open diamond, Cl control (no
A23187); open circles, Cl + A23187; filled triangle, NO; control (no
A23187); open triangles, NO; + A23187; filled diamond, Cl-dependent
component control (no A23187); and filled circles, low Mg -activated
Cl-dependent component.

and the rate constants of K efflux in Cl an NO; and the
Cl-dependent component stimulated by three interven-
tions: swelling activation (A), thiolalkylation with NEM
(B), and cellular Mg removal with A23187 + EDTA (C).

The figures show that both Q and QD inhibited in a
dose-dependent manner K efflux in Cl and the CI-
dependent component as well, and that QD but not Q
inhibited K efflux in NO;. However, Q appeared to in-
duce some inhibition in A23187-treated cells (compare
with Fig. 3, B).

To determine if the mechanism of inhibition of
K(Rb)-Cl flux by Q and QD was the same for each
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Fig. 6. Dose-effect relationship between the concentration of QD and
the rate constants of K efflux in Cl and NO, stimulated by three
interventions. (A) Swelling activation. Open circles, Cl; open triangles,
NO,, and filled circles, Cl-dependent component. (B) Thiol alkylation
with NEM. Open square, Cl control (no NEM); open circles, Cl +
NEM; open diamond, NO, control (no NEM); open triangles, NO; +
NEM,; filled circles, NEM-activated Cl-dependent component. (C) Cel-
lular Mg removal through A23187 + EDTA. Open diamond, CI control
(no A23187); open circles, Cl + A23187; open square, NO, control (no
A23187); open triangles, NO; + A23187; and filled circles, low Mg;-
activated Cl-dependent component.

manipulation and to assess their potency, the percentage
of inhibition of the Cl-dependent component activated
either by swelling, NEM or A23187 was plotted as a
function of the logarithm of Q and QD concentration
(Fig. 7, A and B, respectively). The figure shows in each
panel a representative experiment for each mode of ac-
tivation of K(Rb)-Cl flux. The data indicate that the
mechanisms of action of both Q and QD were the same
for all three manipulations since the linear portions of the
curves were not statistically different. The ICs4s to in-
hibit the Cl-dependent component for this figure were in
mm: 1.24, 0.71 and 0.61 for Q and 0.56, 0.48, and 0.48
for QD for swelling, NEM and A23187 activation, re-

150
100 A 5
6“80
A
~ 50 o
S ;o
; ot
-_— O m 1 L
3= Sal
o 0.0 0.1 i 10 s0
) Quinine concentration (MM)
<
5 00 o
S B
<
£ sof A
(o]
8 ]
0 N W 1 L
0.01 0.1 1 10 50

Quinidine concentration (mM)

Fig. 7. Inhibition of Cl-dependent K efflux by Q (A) and QD (B) as a
function of drug concentration in logarithmic scale: Open squares,
swelling-activated; open triangles, NEM-activated; and open circles,
A23187-activated cells. The percentage of inhibition was calculated
with respect to the control (without inhibitor) for each manipulation,
which was taken as 100%. The curves represent a typical experiment
for each condition and drug. IC,,s were calculated by regression of the
values of Cl-dependent K efflux expressed in percent of the control
corresponding to the linear parts of the curves and the drug concentra-
tion in arithmetical scale. The equation used was ICs, (mm) = (50 —
intercept)/slope. See text for ICy, values.

spectively (see figure legend for determination of ICs,
values).

To further explore the mechanism of inhibition by
the two drugs, Dixon plots were constructed relating the
inverse of swelling-activated, Cl-dependent K efflux
with the concentration of Q and QD (Fig. 8). The data
fitted curvilinear functions, an indication of complex in-
hibitory kinetics for both Q and QD.

Errect oF QD on Rb INFLUX

In this series of experiments Rb was used as K congener,
and the rate of uptake was measured in: (a) hypotonically
swollen, (b) NEM-treated, and (c) low Mg activated
cells. In efflux experiments we found that the Q-induced
lysis was higher than that of QD at all concentrations and
time points tested. For this reason and to avoid selecting
a population of younger cells which might be more re-
sistant to lysis, we continued the influx studies with QD
alone. To minimize lysis (see results, Fig. 3), QD was
used at 0.1, 0.2, 0.3, 0.5 and 1.0 mM concentrations and
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Fig. 8. Dixon plot relating the inverse of swelling-induced Cl-
dependent K efflux and Q and QD concentrations. Q open and filled
circles and filled triangles. QD, filled diamonds.

the Rb uptake was measured as a function of time in CI
and NO;. As observed for K efflux, QD inhibited both
the uptake in Cl and in NO; in a dose-dependent manner
(results not shown). However, at a concentration of 1
mu, the inhibition of Rb uptake in Cl was about half of
that seen for K efflux, whereas in NO, the inhibition of
the two fluxes was dependent on the manipulation used
to activate the cells (see below and Table 1).

Dose-Effect Relationship between QD Concentration
and Rb Influx

Figure 9 shows the dose-effect relationship between the
concentration of QD and Rb influx in CI and NO; and the
Cl-dependent component stimulated by three interven-
tions: Swelling activation (A), thiolalkylation with NEM
(B), and cellular Mg removal through A23187+EDTA
(©).

As for efflux, QD inhibited Rb influx in Cl and NO;
in a dose-dependent manner, and the Cl-dependent com-
ponent as well.

To determine if the mechanism of inhibition of RbCl
influx by QD was the same for each manipulation and to
assess its potency, the percentage of inhibition of the
Cl-dependent component activated either by swelling,
NEM or A23187 was plotted as a function of the loga-
rithm of QD concentration. These results (not shown)
indicated that the mechanism of action of QD was the
same for all three manipulations since the slope of the
curves was not statistically different. The ICsqs to in-
hibit the Cl-dependent Rb influx were in mm: 0.74, 0.66
and 0.92 for swelling, NEM and A23187 activation, re-
spectively.

InHiBITION OF K AND Rb FLUXES BY Q anD QD

The ICsqs of the drug-sensitive components were calcu-
lated either as a percentage of the Cl-dependent K(Rb)
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Fig. 9. Dose-effect relationship between the concentration of QD and
Cl-dependent Rb influx in Cl and NO; stimulated by three interven-
tions. (A) Swelling activation. (B) Thiol alkylation with NEM. (C)
Cellular Mg removal through A23187 + EDTA. Open squares for Cl,
open triangles for NO,, and open circles for the Cl-dependent compo-
nent.

flux at 0 mm Q or QD [K(Rb)CIP,] or as a percentage of
the maximum inhibitable Cl-dependent K(Rb) flux
[K(RbB)CIP,4y,] (see below). The first calculation ap-
peared to us more reliable because it did not require the
maximum saturation concentration, whereas the second
required this value which due to interexperimental vari-
ability was not always observed at 1 mwm, especially for
Q. Since increasing the drug concentration increased
RBC lysis, we arbitrarily took as the maximum in-
hibitable Cl-dependent K(Rb) flux the value at 1 mm QD
for all experiments and the value at the highest concen-
tration available for Q. The following components for K
efflux and Rb influx were derived from these calcula-
tions and were used in Figs. 10, 11 and 12 and in Tables
2 and 3.

K(Rb)Cl, = Cl-dependent K(Rb) flux at zero exter-

nal Q or QD concentration.
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K(Rb)Cl, = Cl-dependent K(Rb) flux at external Q
or QD concentration > 0 mM.

K(Rb)Cl, 4y, = Cl-dependent K(Rb) flux at external Q
or QD = 1 mm (1) or at the highest
(H) concentration at which saturation
occurred.

= Cl-dependent K(Rb)Cl flux sensitive to
Q or QD as a fraction of K(Rb)Cl flux
at 0 mM drug, in percent = [K(Rb)C],
— K(Rb)CL JVK(Rb)Cl,..

K(Rb)CIP, g, = Cl-dependent K(Rb) flux sensitive to
Q or QD as a fraction of K(Rb)CI flux
at 1 mM (1) or at the highest (H) drug
concentration, in percent = [K(Rb)Cl,
- K(Rb)CLJ/[K(Rb)C], -
KRb)Cl, 3]

= Cl-dependent K(Rb) flux insensitive to
Q or QD as a fraction of K(Rb)Cl flux
at 0 mm drug, in percent = K(Rb)Cl,/
K(Rb)CL,.

K(Rb)CIP,

K(Rb)CIIP

Figure 104, B and C shows typical experiments with
the three different efflux components, KCIP,,, KCIP, 4,
and KCIIP, for swelling-, NEM-, and A23187-activated
cells, respectively, as a function of Q concentration. In
swelling-activated cells, saturation was observed at
lower Q concentrations than in NEM- and A23187-
activated cells for each of the three parameters. Further-
more, in contrast to panel A, KCIP, and KCIP, 4, were
identical and fully inhibitable by Q in panels B and C.

Figure 114, B and C shows typical experiments with
the three different efflux components, KCIP,, KCIP 4,
and KCIIP, for swelling-, NEM-, and A23187-activated
cells, respectively, as a function of QD concentration.
In contrast to Q, the QD-sensitive and -insensitive efflux
components behave similarly for the three types of cells,
and saturation was observed in most experiments at 1 mm
QD.

Figure 124, B and C shows typical experiments
with the three different influx components, RbCIP,,
RbCIP, g, and RbCIIP, for swelling-, NEM-, and
A23187-activated cells, respectively, as a function of QD
concentration. Interestingly, the general behavior for the
three types of cells in influx experiments with QD re-
sembled that of their counterparts in efflux experiments
with Q, except that a larger difference between RbCIP,
and RbCIP, 4, and a larger drug-insensitive component
were observed for influx.

The ICs,s for Q and QD for the inhibition of KCI
and RbCl fluxes are summarized in Table 1. The ICsys
estimated from the [K(Rb)CIP,] and [K(Rb)CIP, 4] per-
centages were not different for efflux both for Q and QD,
whereas those corresponding to the influxes were statis-
tically different in average (P = 0.0094) (see ALL for
influx in Table 1). In swelling-activated cells, Q ap-
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Fig. 10. Dose-effect relationship between the concentration of Q and
three derived parameters of K efflux stimulated by three interventions.
(A) Swelling activation. (B) Thiol alkylation with NEM. (C) Cellular
Mg removal through A23187 + EDTA. Open squares for KCIP 4y,
open circles for KCIP,, and open triangles for KCIIP (see definitions in
Results).

peared to be less potent than for the other two types of
cells; however, the ICy,s were not statistically different
due to the large dispersion of the data.

The ICsqs determined from the K(Rb)CIP, ) param-
eter were statistically similar for both efflux and influx in
the three types of cells treated with QD (see Efflux/
Influx Ratio, Table 1). Furthermore, according to the
IC,4s determined from K(Rb)CIP,, QD inhibited with the
same potency swelling-activated KCl and RbCl flux, and
was about twice more potent to inhibit efflux than influx
when activated by the other two manipulations.

Table 2 summarizes the percentage of inhibition by
1 mm Q and QD of K efflux and Rb influx in Cl and NO;
and of the two Cl-dependent and Cl-independent com-
ponents, as defined above, in cells activated either by
hypotonic swelling, NEM treatment or by lowering the
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Fig. 11. Dose-effect relationship between the concentration of QD and
three derived parameters of K efflux stimulated by three interventions.
(A) Swelling activation. (B) Thiol alkylation with NEM. (C) Cellular
Mg removal through A23187 + EDTA. Open squares for KCIP,,,
open circles for KCIP,, and open triangles for KCIIP (see definitions in
Results).

Mg; concentrations. The inhibitory action of QD on K
efflux was higher than that of Q in NO; medium for the
three types of cells. Q inhibition of K efflux in NO; was
not different from zero in swollen cells, but a small in-
hibition was observed in cells subjected to the other two
manipulations.

Comparison of efflux and influx inhibition by QD
indicates that, in general, QD was more effective inhib-
iting efflux than influx with the exception of the
K(Rb)CIP,y;, component which was the same in the
three types of cells. In swollen cells, the percentage of
inhibition of Cl-dependent K efflux at I mm drug con-
centration was about or more than 70% higher for
K(Rb)CIP,y, than for K(Rb)Cl, for both Q and QD.
In contrast, no difference between these components was
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Fig. 12, Dose-effect relationship between the concentration of QD and
three derived parameters of Rb influx stimulated by three interventions.
(A) Swelling activation. (B) Thiol alkylation with NEM. (C) Cellular
Mg removal through A23187 + EDTA. Open squares for RbCIP, ),
open circles for RbCIP,, and open triangles for RbCIIP (see definitions
in Results).

found for NEM- and A23187-activated cells inhibited by
Q. Furthermore, QD inhibition, when expressed as
K(Rb)CIP,y,, was 45 and 22% higher for efflux and
more than 100% for influx in NEM- and A23187-treated
cells, respectively, than when expressed as K(Rb)CIP,,.

The Cl-dependent QD-insensitive component was
not different for efflux and influx in swollen cells and
was about twice higher for influx than efflux in the other
two types of cells.

These data indicate that, at least for QD, the inhibi-
tion of K(Rb)-Cl flux was asymmetric, with more inhi-
bition of the efflux than of the influx, and more so in
thiol-alkylated and low Mg; cells. This asymmetry could
be explained by the existence of a QD-insensitive com-
ponent larger for influx than efflux. Our findings also
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Table 1. Median inhibitory dose (ICs,) for quinine (Q) and quinidine (QD) to inhibit Cl-dependent K and Rb fluxes

Drug Manipulation ICso
Efflux Influx Efflux/influx ratio
A B A B A B
Q Swelling 1.28+0.23 (8) 0.93 £0.20 (8)
NEM 0.56 £0.08 (3) 0.69+0.11 (3)
A23187 0.47 (2) 0.47 (2)
ALL 0.99 +£0.18 (13)* 0.81+0.13 (13)°
QD Swelling 0.69 (2) 0.46 (2) 0.79(2) 0.41(2) 0.87 1.12
NEM 0.40 (2) 0.28 (2) 0.54£0.16 (4) 0321003 4) 0.74 0.88
A23187 0.38 (2) 0.39 (2) 0.84 + 0.06 (3)° 0.45 £ 0.06 (3) 0.45 0.87
ALL 0.49 £ 0.08 (6)° 0.38 + 0.04 (6)* 0.70 £ 0.08 (9)8 0.38 +0.04 (9" 0.70 1.00

The number of experiments is indicated in parentheses. IC5os were determined from the drug-sensitive components calculated either as a percentage
of the total Cl-dependent K(Rb) flux [K(Rb)CIP, represented as A] or as a percentage of the maximum inhibitable Cl-dependent K(Rb) flux
[K(Rb)CIP, 4y, represented as B]. (a vs. ¢) P = 0.0206; (b vs. d) P = 0.0081; (e vs. f) P = 0.018; (g vs. h) P = 0.0094.

Table 2. Percentage of inhibition of K and Rb fluxes by 1 mm quinine (Q) and quinidine (QD)

Activation Flux Efflux* Influx* Efflux/influx

component ratio
Q QD QD

Swelling Cl 33+ 4(7) 5013 (3) 38 (2) 1.3
NO, -3+15(7) 53+ 7(3) 53(2) 1.0
K(Rb)CIP, 42+ 6(7) 49+15(3) 32(2) 1.5
K(Rb)CIP, 4, 69+ 12(7) 81£19(3) 67 (2) 1.2
K(Rb)CIIP 5716 (7) 51x15(3) 69 (2) 0.7

NEM Cl 63+ 4(3) 71(2) 4013 (5) 1.8
NO, 3613 (3) 76 (2) 40+ 13(5) 19
K(Rb)CIP, 66 6(3) 69 (2) 40 £ 17 (5) 1.7
KRb)CIP, 51, 68+ 6(3) 100 (2) 100+ 0(5) 1.0
K(Rb)CIIP 34+ 6(3) 31(2) 60 + 17 (5) 0.5

A23187 Cl 722y 81(2) 46112 (3) 1.8
NO, 20(2) 83 (3) 30£13(3) 2.8
K(Rb)CIP, 82 (2) 82(2) 45+ 703) 1.8
KRb)CIP, 4, 84 (2) 100 (2) 100+ 0(3) 1.0
K(Rb)CIIP 16 (2) 19 (2) 49+ 13(3) 04

* See definitions of components in Results (Tables 2 and 3). Results are expressed in percent.

show a different behavior of swollen cells compared to
thiol-alkylated or low Mg; cells.

Because the absolute values of Cl-dependent Rb in-
flux were higher than those corresponding to K efflux,
expression of inhibition in percentage could mislead-
ingly indicate more inhibition of efflux than influx. To
account for this difference, we calculated Q- and QD-
sensitive Cl-dependent K/Rb fluxes by subtracting from
the Cl-dependent flux in the absence of drug (control
condition) the corresponding value at 1 mm drug. Table
3 shows that, based on the absolute change of the Cl-
dependent efflux and influx induced by 1 mm Q and QD,
the KCl efflux/RbCl influx ratio in swelling- and

A23187-activated cells was actually slightly lower, and
probably not different from 1, except for NEM-treated
cells where the ratio was about 4. These data point to a
symmetric inhibition for swollen and A23187-treated
cells, whereas for NEM activation a real asymmetry ap-
pears to exist. This finding will be interpreted in the
Discussion.

Because K efflux was determined in the absence of
Rb,, whereas Rb influx was measured in the presence of
20 mmM Rb,, this could explain the asymmetry observed.
Thus, we performed control experiments to measure K
efflux in the presence and absence of Rb,, and determined
the percentage of inhibition, ICsys and the drug-sensitive
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Table 3. Quinine (Q)- or Quinidine (QD)-sensitive, Cl-dependent K
and Rb fluxes at 1 mm drug concentration

Treatment Efflux* Influx* Efflux/
influx
ratio

Q QD QD QD

Swelling  0.50+0.08 (7) 0.58+0.19(3) 0.74 (2) 0.78

NEM 1.53+£0.17(3) 29(2) 0.71 £0.28 (5) 4.08

A23187 0.97 (2) 0.97 (2) 1.37+£0.55(3) 0.71

* Results are expressed in mmol/LOC x hr.

Cl-dependent flux for Q and QD, as described in Table 3.
The results obtained indicated that lack of Rb, in K
efflux measurements was not the cause of the asymmetry
observed (results not shown).

Discussion

This study shows for the first time inhibition of Cl-
dependent K and Rb fluxes by antimalarial drugs. Pre-
vious reports in human red cells by Garay et al. [14] and
Kaji [21], and in LK SRBCs by Ellory and Dunham [13]
indicated no inhibition of this transporter by Q. Since
the membrane lipid composition of human and sheep
RBCs is different, it is possible that higher ICs,s are
required to inhibit this transporter in human red cells and
that the concentrations of 0.1 mm for the NEM-K efflux
[14] and 0.5 mmMm for swelling-activated K influx [21]
were not sufficient to produce inhibition. Likewise, in
LK SRBCs the Q concentration required to block K in-
flux may be higher than the one tested in the study by
Ellory and Dunham [13]. In our study we chose not to
test the inhibition of Rb influx by Q due to the higher
lysis induced by this drug.

MEcHANISM OF Q AND QD INHIBITION

Due to their amphipilic nature, these cationic quaternary
amines are expected to partition in the membrane and
interact nonspecifically with the membrane lipids and
thus affect indirectly the function of membrane proteins
by inducing disruption of the lipid bilayer [9] and, de-
pending on the conditions, lipid peroxidation as well
[36]. The increased cell lysis with time and concentra-
tion shown in Fig. 3 may support such mechanisms. In
addition to these effects, membrane-active drugs, such as
Q and QD, can interact specifically or unspecifically
with membrane proteins [9]. The data in Fig. 3 may
support nonspecific interactions of Q and QD with mem-
brane proteins. Another mechanism of Q and QD inhi-
bition could be by inducing cell shrinkage which inhibits

the K-Cl cotransport [26]. These amphiphilic amines are
known to change the pH, a reason why we determined
water and Cl contents. However, we found that in con-
trast to a reduction in cell volume and hence secondary
inhibition of Cl-dependent K and Rb fluxes, the cells
actually swelled and gained Cl upon treatment with Q
and did not change volume but lost Cl with QD. These
results are inconsistent with a change in pH which should
be the same for the two drugs since they are stereoiso-
mers. Furthermore, the changes in volume and Cl cannot
be explained in connection with the inhibitory effect of
the drugs on K(Rb)-Cl fluxes since they correspond to
total water and Cl contents.

In light of the numerous studies in which especially
Q is used as a channel blocker, our findings raise ques-
tions about the nature, i.e., carrier vs. channel, of the
K-ClI ““cotransport’” and the possibility that we are deal-
ing with coupled K and CI channels, as they occur during
RVD in HeLa cells incubated in Na-free high K medium
[20]. Although studies by Brugnara et al. {4] and Kaji
[22] have clearly demonstrated that K-Cl cotransport is
electroneutral and independent of membrane potential,
factors such as symmetry of inhibition need to be con-
sidered to reassess this point. A symmetric inhibition, in
absolute flux units of mass/(area X time), is to be ex-
pected for an obligatory exchange system whereas asym-
metric inhibition is frequently observed in channels (Ta-
ble 1, Chapter 15, Ref. [18]). Tables 1 and 2 show, in
general, asymmetric inhibition of K(Rb)-Cl fluxes and
support the notion that these fluxes behave as if channel
mediated. However, the percentage of inhibition as a
fraction of the maximum inhibitable component
[K(Rb)CIP, 4] originated ICs4s and efflux/influx ratios
(Table 2) expected for a carrier mechanism. Results in
Table 3 also appear to support coupled Cl-dependent K
and Rb fluxes in cells activated by swelling and A23187
but not by NEM.

ErreCT oF QD on NEM-ACTIVATED CELLS AND IN
NO; Mepium

The higher efflux/influx ratio observed in NEM-treated
cells (see Table 3) could result from activation by NEM
of a Cl-dependent QD-sensitive K efflux different from
that observed in the other two types of cells. This idea is
supported by the fact that the influx components are
similar in magnitude for the three manipulations (see
Table 3). This finding is preliminary at this point and
needs further investigation.

QD inhibited K and Rb fluxes in NO;, whereas the
effect of Q was more variable. It is possible that QD was
inhibiting an additional component which may be
present both in Cl and NO,. While at this point we do
not have an explanation for the effect of QD in NOj, in
our analysis of K(Rb)-Cl fluxes this effect was excluded.

In summary, heterogeneity of Cl-dependent K(Rb)
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fluxes, uncovered by Q and QD, appears to explain the
observed asymmetries in SRBCs.

CINCHONA BARK DERIVATIVES AND SICKLE CELL ANEMIA

Based on this and studies by others, cinchona bark de-
rivatives should be expected to exert their effect on ma-
laria infection via multiple mechanisms of action due to
the diversity of functions described above. In this study
we show that antimalarial drugs do inhibit K-C] cotrans-
port. However, to inhibit the Ca-activated K channel and
the K(Rb)CI flux, both mechanisms thought to play an
important role in cell dehydration, drugs with higher po-
tency than Q and QD may find application in the treat-
ment of sickle cell anemia.
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